To examine the effect of pancreatic proteases on the expression of the adhesion molecules Mac-1 and L-selectin on neutrophils, and the role of complement activation in this process.
Objective
To examine the effect of pancreatic proteases on the expression of the adhesion molecules Mac-1 and L-selectin on neutrophils, and the role of complement activation in this process.
Summary Background Data
Sequestration of neutrophils in the pancreatic and pulmonary microvasculature characterizes acute pancreatitis.
Methods
Serum was collected from inbred rats after induction of necrotizing pancreatitis; trypsinogen activation peptide was measured to quantify trypsin activation. Normal rat serum was also collected and subjected to limited trypsin digestion with and without the addition of complement inhibitor. Both groups of sera were incubated in vitro with healthy leukocytes. Expression of Mac-1 and L-selectin on neutrophils was measured quantitatively by flow cytometry. To assess the consequences of these events in vivo, trypsinated serum with or without complement inhibition or control serum was infused intravenous into rats. Soybean trypsin inhibitor was added to serum before injections to block residual trypsin activity. Pancreatic and pulmonary injury was quantitated by histology, measurement of edema, and myeloperoxidase activity.
Results
Mac-1 expression on neutrophils incubated with pancreatitis serum was increased compared with controls, whereas L-selectin was decreased. Neutrophils incubated with trypsinated serum also showed upregulation of Mac-1 and downregulation of L-selectin, particularly with trypsin at 10 -4 mol/L. Addition of soluble complement receptor 1 abrogated both Mac-1 upregulation and L-selectin downregulation. Lungs of animals injected with trypsinated serum showed increased edema and myeloperoxidase activity, which were reduced by soluble complement receptor 1.
Conclusions
Trypsin-generated complement activation participates in the upregulation of Mac-1 and shedding of L-selectin on neutrophils in acute pancreatitis. Protease or complement inhibition may be effective in preventing leukocyte migration and subsequent local and remote organ injury.
Neutrophils have been implicated in the development of local and distant organ injury in acute pancreatitis, [1] [2] [3] and adhesion proteins expressed on leukocytes and endothelial cells mediate their trafficking into tissue. 4, 5 Recently it has been shown that the development of pancreatic and pulmonary injury in severe pancreatitis is associated with the increased endothelial expression of intercellular adhesion molecule 1 (ICAM-1), and that genetically induced ICAM-1 deficiency or the administration of a monoclonal antibody to ICAM-1 decreased both neutrophil infiltration and tissue injury, 6, 7 demonstrating the critical role of adhesion proteins in the process of leukocyte emigration and the subsequent development of tissue destruction.
Counterstructures for endothelial ICAM-1 are the leukocyte integrins, and Mac-1 is the integrin primarily expressed on the surface of neutrophils. In neutrophils, Mac-1 is stored in intracellular granules and is translocated rapidly to the external plasma membrane by a variety of proinflammatory mediators. 8 Mac-1 is known to participate in the firm adhesion of phagocytes to endothelium (leukocyte sticking) by binding to ICAM-1, and may also contribute to transendothelial leukocyte migration. 9, 10 In contrast, selectins are a family of glycoproteins that mediate the early phase of leukocyte-endothelial interaction, characterized by low-affinity transient adhesion of leukocytes (leukocyte rolling). 11 L-selectin is constitutively expressed on the surface of leukocytes and is involved in guiding leukocytes to sites of inflammation. 12 On appropriate activation of cells, L-selectin is downregulated by proteolytic cleavage of surface L-selectin and may thereby aid in leukocyte transmigration. 13, 14 The inflammatory stimuli modulating the expression of adhesion proteins on leukocytes are multiple, but it is unclear which factors are critical in acute pancreatitis. Possible mediators include proteins of the complement system. Complement activation has been shown in acute pancreatitis, 15, 16 and its activated components may function as chemoattractants (e.g., C5a), anaphylotoxins (C3a, C5a), or cytolytic agents (e.g., membrane attack complex). Because pancreatic proteases can activate complement, [17] [18] [19] their release into the systemic circulation early in the course of acute pancreatitis may have an initiating or triggering effect on leukocyte activation and the subsequent development of local and remote organ injury.
The purpose of this study was to investigate the modulation of the adhesion molecules Mac-1 and L-selectin on neutrophils in the setting of acute experimental pancreatitis, and the role of pancreatic proteases and complement activation in adhesion molecule expression and neutrophil migration.
METHODS

Animals
Inbred male Lewis rats weighing 250 to 350 g were used for all experiments. Care was provided in accordance with the procedures outlined in the "Guide for Care and Use of Laboratory Animals" (Department of Health and Human Services Publication [NIH] #85-23). The study was approved by the subcommittee on animal research at our institution. Animals were fasted overnight before the experiments but were allowed free access to water.
Surgical anesthesia was induced with vaporized ether and maintained by an intramuscular injection of pentobarbital (20 mg/kg, Anthony Products, Arcadia, CA) and ketamine (40 mg/kg, Ketalar, Parke-Davis, Morris Plains, NJ). Two polyethylene catheters (ID 0.5 mm) were inserted into the left carotid artery and the right internal jugular vein, respectively, tunneled subcutaneously to the suprascapular area, and exited through a steel tether that allowed the animal free movement.
Study Design
Serum was collected from rats with necrotizing pancreatitis or saline-infused controls by means of the arterial catheter (n ϭ 6 per group). Serum from untreated rats was collected by cardiac puncture and subjected to limited trypsin digestion. These serum samples were subjected to limited trypsin digestion by incubation with bovine trypsin (final concentration 10 -10 to 10 -4 mol/L, n ϭ 5 per group) and addition of soybean trypsin inhibitor in the same concentration of trypsin (both from Sigma Chemical Co., St. Louis, MO). Incubations were performed for 20 minutes at room temperature. Unlike incubation of serum with trypsin alone, limited trypsin digestion has previously been shown to activate complement components in human serum. 19 Chymotrypsin (10 -10 to 10 -4 mol/L, n ϭ 4 per group) and carboxypeptidase B (10 -10 to 10 -4 mol/L, n ϭ 4 per group) were used for serum incubations in additional groups.
One group of serum samples had the complement inhibitor soluble complement receptor type 1 (sCR1; final concentration 2 mg/mL; AVANT Immunotherapeutics, Needham, MA) added before limited trypsin digestion (trypsin concentration 10 -5 mol/L). Likewise, complement activation, which is a Ca 2ϩ -dependent process, was inhibited by prior addition of the Ca 2ϩ chelator ethylene-diamine-tetracetic acid (EDTA) (final concentration 0.02 mol/L). Sera were frozen immediately after incubations and stored at Ϫ80°C until used. Leukocytes separated from healthy animals were randomly incubated with described groups of sera. Expression of the adhesion molecules Mac-1 and Lselectin on neutrophils was measured quantitatively by flow cytometry (see below).
To assess the consequences of these events in vivo, normal rat serum or serum subjected to limited trypsin digestion (trypsin concentration 10 -5 mol/L) with or without the addition of sCR1 was infused intravenously into rats for 6 hours (n ϭ 7 per group). Infusions were divided into eight aliquots of 1.5 mL, which were thawed and warmed shortly before injections. Sufficient amounts of soybean trypsin inhibitor (twice the concentration of initial trypsin) were added to the trypsinated serum before injection to block residual trypsin activity. Pancreatic and pulmonary injury was quantitated by measurement of edema (wet-to-dry weight ratio), neutrophil sequestration (myeloperoxidase activity), and histology.
Induction of Necrotizing Pancreatitis
The biliopancreatic duct of anesthetized rats was cannulated with a 24-gauge Teflon catheter (Critikon, Tampa, FL), and bile and pancreatic juice were drained by gravity for 5 minutes with the common hepatic duct clamped at the porta hepatis. Glycodeoxycholic acid (GDOC, Sigma Chemical Co.) in glycylglycine-NaOH buffered solution (pH 8.0, room temperature) was infused retrogradely into the biliopancreatic duct at a concentration of 10 mmol/L in a volume (1.2 mL/kg)-, time (10 minutes)-, and pressure (30 mmHg)-controlled fashion, followed by intravenous infusion of cerulein (5 g/kg/h, Takus, Farmitalia, Carlo Erba GmBH, Freiburg, Germany) for 6 hours. Cerulein was reconstituted in saline and infused at 3 mL/kg/h. This model has been described in detail elsewhere. 20 Induction of pancreatitis was confirmed by pancreatic histology and blood levels of trypsinogen activation peptide (TAP).
Animals with GDOC infused into the biliopancreatic duct developed severe pancreatic necrosis and leukocyte infiltration (GDOC vs. control: necrosis 2.8 Ϯ 0.1 vs. 0 Ϯ 0; leukocyte infiltration 2.6 Ϯ 0.2 vs. 0.2 Ϯ 0.1), confirming histopathologically the induction of necrotizing pancreatitis. Also, pancreatic edema was typically increased compared with controls (GDOC vs. control: wet-to-dry weight ratio 9.8 Ϯ 1.2 vs. 4.1 Ϯ 0.3). Increased TAP levels in blood reflected the release of large amounts of trypsin into the systemic circulation (control, 0.58 nmol/L; pancreatitis, 6.74 nmol/L, P Ͻ .001), which is characteristic of severe pancreatitis. 21, 22 Serum from these animals was used to assess in vitro effects on neutrophils.
Leukocyte Separation and Incubation
Whole blood was collected from healthy animals, and leukocytes were separated from erythrocytes by dextran sedimentation. The leukocyte-rich supernatant was centrifuged at 400g for 5 minutes and resuspended in Roswell Park Memorial Institute (Sigma Chemical Co.) containing 2% fetal calf serum and 1% rat serum. Leukocyte suspensions were incubated with sera for 20 minutes at room temperature. Only incubations with trypsinated serum with or without sCR1 were performed at 37°C. Leukocytes activated by phorbol myristate acetate (PMA, 10 -7 mol/L) or N-formyl-methionyl-leucyl-phenylalanine (FMLP, 10 -5 mol/L) were used as positive controls. Subsequent to incubations, samples were chilled on ice and washed in phosphate-buffered saline containing 2% fetal calf serum and 0.1% sodium acid.
Flow Cytometry
Fluorescein isothiocyanate-conjugated antirat CD11b (Mac-1 ␣ chain) or CD62L (L-selectin) monoclonal antibody (Pharmingen, San Diego, CA) was added for 30 minutes to leukocyte preparations incubated with sera. Remaining erythrocytes were lysed with lysing reagent (Becton Dickinson Immunocytometry, San Jose, CA). Cells were washed twice and fixed in 0.5% paraformaldehyde in phosphate-buffered saline. Mean fluorescence intensity of gated cell populations, identified by characteristic forward-and side-scatter profiles, was measured on a FACScan flow cytometer (Becton Dickinson Immunocytometry). Ten thousand cellular events per sample were acquired.
lp;&-2qMeasurement of Trypsin Activity
To control for residual trypsin activity in serum subjected to limited trypsin digestion with additional protease block-ing (the trypsinated serum used for intravenous injections), trypsin activity was measured spectrophotometrically using p-toluenesulfonyl-L-arginine methyl ester (TAME, Sigma Chemical Co.) as substrate. 23 
Edema Assessment
Pancreatic and pulmonary edema was evaluated by measuring the wet-to-dry weight ratio. A segment of the pancreatic tail and the right middle lobe of lung were removed immediately after the animal was killed, trimmed of fat, and weighed. The water content was determined by calculating the wet-to-dry weight ratio from the initial weight (wet weight) and its weight after incubating at 160°C for 24 hours (dry weight).
Myeloperoxidase Activity
Excised pancreatic and pulmonary tissues were rinsed with saline, blotted dry, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until thawing for determination of myeloperoxidase activity as previously described. 24 Myeloperoxidase activity is expressed as units per milligram wet weight of tissue.
Histopathologic Evaluation
Histologic evaluation of pancreatic and pulmonary injury was performed by a pathologist in a masked fashion. Briefly, the head of the pancreas was removed, fixed in 10% phosphate-buffered formalin, and embedded in paraffin. Coronal sections were made in the plane of the flattened pancreas and stained with hematoxylin and eosin. Parameters evaluated included edema, inflammation, and acinar necrosis using a scoring system (degree of injury increasing from 0 to 3). 25 Histologic evaluation of lung injury was performed in the formalin-inflated left lung. After pneumectomy, the left main bronchus was cannulated using a polyethylene catheter (ID 1.0 mm), and 10% phosphate-buffered formalin was infused at a pressure of 30 cmH 2 O until the lung distended homogeneously. Perivascular edema and tissue cellularity were assessed on sections stained with hematoxylin and eosin. Sections developed with naphthol-AS-D acetate esterase (Sigma Chemical Co.) for specific granulocytic cell staining were used to assess neutrophil infiltration.
TAP Measurement
TAP specifically reflects the conversion of trypsinogen into trypsin by cleavage of the TAP fragment. Blood samples for the measurement of TAP were collected in 0.2 mol/L EDTA to inactivate peptidases. After centrifugation of samples, the remaining serum was coded and stored at Ϫ20°C until assayed. TAP concentrations were measured in a masked fashion by a commercially available enzyme- 
Statistical Analysis
Data are presented as mean Ϯ standard error. One-way analysis of variance was used for evaluation of differences between groups (when Ͼ2), followed by post-hoc comparison of the means of the groups. The Student t test was used for pairwise comparison of normally distributed parameters. Values of P Ͻ .05 were considered significant.
RESULTS
In Vitro Experiments
Mac-1 expression on neutrophils incubated with serum from animals with GDOC-induced necrotizing pancreatitis was increased compared with controls, whereas L-selectin was decreased ( Fig. 1) . Likewise, neutrophils incubated with trypsinated serum showed upregulation of Mac-1 and downregulation of L-selectin. Changes in adhesion molecule expression increased with higher concentrations of trypsin (Fig. 2 ). Leukocytes incubated with PMA or FMLP showed similar changes and served as positive controls. In gated lymphocyte populations, no significant differences in Mac-1 or L-selectin expression were found with either pancreatitis or trypsinated serum, whereas the positive controls PMA and FMLP significantly increased Mac-1 and decreased L-selectin expression, respectively (data not shown).
As seen with trypsinated sera, neutrophils stimulated with serum incubated with chymotrypsin or carboxypeptidase B showed an increase in Mac-1 expression and a decrease in L-selectin expression. However, changes were less significant than with trypsin (data not shown).
The addition of sCR1 or EDTA to trypsinated serum abrogated both Mac-1 upregulation and L-selectin downregulation on neutrophils (Fig. 3) . However, incubations with sCR1 showed greater L-selectin expression than controls. Likewise, the addition of EDTA resulted in greater L-selectin expression on neutrophils compared with controls, whereas Mac-1 levels were relatively lower.
In Vivo Model
Animals injected with trypsinated serum developed significant pancreatic and pulmonary injury. Histopathologic evaluation revealed moderate interstitial edema in the pancreas of animals injected with trypsinated serum, whereas edema in the control group was minimal (score points, 1.2 Ϯ 0.3 vs. 0.8 Ϯ 0.2). Similarly, more perivascular edema around large vessels was seen in the lungs of animals injected with trypsinated compared with control serum, whereas edema around small vessels was present only in the group injected with trypsinated serum (Fig. 4) . Specific granulocyte staining of lung sections showed more intrapulmonary sequestered neutrophils in the trypsinated serum group than in controls. Clusters of neutrophils in the peribronchial sheet were found in animals injected with trypsinated serum but not with control serum.
Histopathologic findings correlated to wet-to-dry weight ratios and myeloperoxidase activity of tissue. In both pancreas and lungs, significantly more edema developed in animals injected with trypsinated serum than with control serum, and edema formation was reduced by complement inhibition with sCR1 ( Fig. 5) . Similarly, myeloperoxidase activity in the lungs was significantly greater with trypsinated serum than with control serum, and was decreased by the addition of sCR1. Changes in pancreatic myeloperoxidase activity were not significantly different between groups (data not shown).
No significant residual trypsin activity was measured spectrophotometrically in antiprotease-blocked trypsinated serum used for animal injection compared with control serum (data not shown). 
DISCUSSION
Adhesion proteins expressed on the surface of leukocytes and endothelial cells mediate the migration of leukocytes to inflammatory sites. L-selectin participates in the initial binding of leukocytes to endothelial cells and has been shown to contribute to leukocyte rolling under conditions of hydrodynamic flow. 26 On sufficient activation, the subsequent interaction of the integrin Mac-1 with endothelium mediates the firm adherence of neutrophils and contributes to their transendothelial migration. 9, 10 In this study, we investigated the expression of L-selectin and Mac-1 on neutrophils in acute pancreatitis, the mediators involved in their regulation, and the relevance of these events to the development of tissue injury.
Leukocyte infiltration is a characteristic finding of pancreatic and pulmonary injury in the model of GDOC-induced pancreatitis in rats. 27 Our results show that in this model, neutrophils increase their cell surface expression of Mac-1, whereas L-selectin expression is decreased. Similar adhesion protein regulation has been described for a variety of inflammatory diseases in humans, as well as in experi-mental models. 5 Mac-1 is translocated rapidly from intracellular granules to the external plasma membrane on stimulation of neutrophils 10 and eventually binds to its endothelial ligand ICAM-1. 9 Recent studies have shown that in both pancreas and lungs, the expression of ICAM-1 is increased during acute pancreatitis. 6, 7 Therefore, the upregulation and interaction of both Mac-1 and ICAM-1 may well account for the adhesion and transendothelial migration of neutrophils in acute pancreatitis.
The decreased levels of L-selectin on neutrophils incubated with serum from animals with severe pancreatitis may be the result of L-selectin shedding from the cell surface. One particular compelling mechanism has been proposed to cause L-selectin shedding in vivo. During the process of leukocyte rolling, which is at least partially mediated by constitutively expressed L-selectin, neutrophils scan the vasculature for sites of inflammation. The presence of an appropriate chemokine signal results in L-selectin shedding from neutrophils and subsequent engagement of integrins (e.g., Mac-1), leading to firm attachment of leukocytes to the endothelium and subsequent transendothelial migration. 13 In this situation, L-selectin shedding is considered to aid neutrophil migration. We propose that the simultaneous L-selectin shedding and Mac-1 upregulation, which we observed both on neutrophils incubated with serum from an- imals with severe pancreatitis and on neutrophils incubated with trypsinated serum, reflect the priming of cells to adhere firmly to the endothelium and thence to migrate into tissue.
Mediators resulting in simultaneous Mac-1 upregulation and L-selectin shedding on neutrophils are multiple. Cytokines (tumor necrosis factor ␣, interleukin 1), protein kinase C activators (FMLP, phorbol esters), leukotrienes (LTB 4 ), lipopolysaccharides, and complement components (C5a) have all been shown to induce this pattern of adhesion molecule expression. 28 Our results show that trypsinated serum also can induce upregulation of Mac-1 and shedding of L-selectin. Trypsin and its inactive precursor trypsinogen are released from the pancreas early during the course of acute pancreatitis, 29, 30 and evidence from in vivo studies suggests that both trypsin and intrasystemically activated trypsinogen are involved in the pathogenesis of tissue injury. 27 This damage has been associated with neutrophil infiltration, and we now provide evidence connecting trypsin activation with molecular changes on neutrophils that will contribute to their migration.
Although we cannot exclude that residual trypsin activity in sera subjected to limited trypsin digestion may contribute to the cleavage of L-selectin from the surface of neutrophils, the concomitant increase of Mac-1 and the unchanged expression of Mac-1 and L-selectin on lymphocytes indicate that the shedding of L-selectin under these conditions is not a nonspecific proteolytic event. The increase in Mac-1 and shedding of L-selectin may more likely be caused by activated complement components in trypsinated sera. Because of the current lack of available antibodies against rat com- plement proteins, we cannot confirm complement activation directly. However, complement activation has been shown in human serum subjected to limited trypsin digestion, 19 and likewise limited trypsin digestion of C3 and C5 resulted in the generation of C3a 17 and a protein with C5a-like biologic activity. 18 Our experiments using the sCR1 provide evidence for the hypothesis that activated complement components contribute to changes in adhesion molecule expression on neutrophils incubated with trypsinated serum. When sCR1 was added to serum incubations with trypsin, both Mac-1 upregulation and L-selectin shedding were abrogated. The protective effects of sCR1 on complement activation are based on its ability to interfere with the C3 and C5 convertases of both the classical and alternative complement pathway, and to participate as a cofactor for serum protease factor I in the degradation of C3b and C4b into inactive forms. 31 Treatment of serum subjected to limited trypsin digestion with the Ca 2ϩ chelator EDTA also resulted in abrogation of Mac-1 upregulation and L-selectin shedding compared with controls. The effect of EDTA may be explained by various mechanisms. First, EDTA may inhibit Ca 2ϩ -dependent complement components, thereby providing further evidence for the hypothesis that trypsin-induced regulation of Mac-1 and L-selectin on neutrophils is mediated by complement activation. Second, the regulation of Mac-1 and L-selectin has previously been shown to be Ca 2ϩ -dependent. 5 Because lower levels of Mac-1 and higher levels of L-selectin expression have been found in leukocyte incubations with EDTA-inhibited trypsinated serum compared with leukocyte incubations with untreated control serum, the levels of adhesion molecule expression in those Ca 2ϩdepleted samples may better reflect the baseline expression levels of neutrophils. This in turn would indicate minor neutrophil activation in our controls. The findings of Kishimoto et al 28 have demonstrated both partial Mac-1 upregulation and L-selectin downregulation when neutrophils have been incubated for 1 hour at 37°C in the absence of any proinflammatory mediators. These data are in agreement with our results. Third, the activity of trypsin is Ca 2ϩ -dependent. However, this would not explain the striking difference from the samples incubated with control serum only.
To verify the relevance of the in vitro effects of trypsin on serum and leukocytes in an in vivo system, we injected inbred rats with trypsinated serum. Animals injected with trypsinated sera developed significant pulmonary injury characterized by increased vascular permeability and neutrophil infiltration, identical with the phenomenon seen in lungs in acute pancreatitis. Complement inhibition by sCR1 attenuated the development of this injury. These results provide additional strong evidence that proteases released from the pancreas play a critical role in the pathogenesis of remote organ injury, and that activated complement components and neutrophils are mediators in this process. Because proteases are released into the systemic circulation early in the course of acute pancreatitis, 29 their ability to induce complement activation gives them the potential of being the initiating mediator in the pathogenesis of the systemic inflammatory reaction in acute pancreatitis. The finding that pulmonary injury in this model is more pronounced than pancreatic injury may be explained by the first-pass effect of proinflammatory mediators in the lungs subsequent to their intravenous injection. However, it may also indicate that the effects of proinflammatory mediators or activated leukocytes are less relevant in the pathogenesis of pancreatic injury than local zymogen activation. 29 Complement inhibition by sCR1 has also been shown to be protective in a variety of models of acute inflammation that are not primarily associated with increased protease release. [31] [32] [33] In those studies, the protective effects of sCR1 were strongly linked to reduced neutrophil sequestration in tissue, supporting the relevance of our findings on leukocyte adhesion proteins. Likewise, preliminary studies have demonstrated that complement is involved in the upregulation of endothelial P-selectin and ICAM-1. 34, 35 The findings of our in vitro and in vivo experiments suggest a potential therapeutic role for complement inhibition in acute pancreatitis.
